Computer code calculations based on biophysical models are commonly used to evaluate the effectiveness of shielding in reducing the biological damage caused by cosmic radiation in space flights. Biological measurements are urgently needed to benchmark the codes. We have measured the induction of chromosomal aberrations in human peripheral blood lymphocytes exposed in vitro to 56 Fe-ion beams accelerated at the HIMAC synchrotron in Chiba. Isolated lymphocytes were exposed to the 500 MeV/n iron beam (dose range 0.1-1 Gy) after traversal of 0 to 8 g/cm 2 of either PMMA (lucite, a common plastic material) or aluminum. Three PMMA shield thickness and one Al shield thickness were used. For comparison, cells were exposed to 200 MeV/n iron ions and to X-rays. Chromosomes were prematurely condensed by a phosphatase inhibitor (calyculin A) to avoid cell-cycle selection produced by the exposure to high-LET heavy ion beams. Aberrations were scored in chromosomes 1, 2, and 4 following fluorescence in situ hybridization. The yield of chromosomal aberrations per unit dose at the sample position was poorly dependent on the shield thickness and material. However, the yield of aberrations per unit ion incident on the shield was increased by the shielding. This increase is associated to the increased dose-rate measured behind the shield as compared to the direct beam. These preliminary results prove that shielding can increase the effectiveness of heavy ions, and the damage is dependent upon shield thickness and material.
INTRODUCTION
For terrestrial radiation workers, additional protection against radiation exposure is usually provided through increased shielding. Unfortunately, shielding in space is problematic, especially when galactic cosmic radiation (GCR) is considered. High-energy radiation is very penetrating: a thin or moderate shielding is generally efficient in reducing the equivalent dose, but as the thickness increases, shield effectiveness drops 1) . This is the result of the production of a large number of secondary particles, including neutrons, caused by nuclear interactions of the GCR with the shield. These particles have generally lower energy, but can have higher quality factors than incident cosmic primary particles. NASA is using the analytical code HZETRN coupled to NUCFRG2 1, 2) , developed at the Langley Research Center, to calculate GCR doses in different shielding configurations for the International Space Station (ISS) and Mars mission. HZETRN is based on the solution of the Boltzmann transport equation, and provides the fluence of primary and secondary ions and the dose in each point inside a spacecraft and in the human body. The dose can be used to calculate the equivalent dose, using the ICRP-60 3) recommendations, or to estimate action cross-sections for specific biological effects, using biophysical models of charged particle radia-tion action. Using ICRP-60 or the Katz' track structure model 4) , Wilson and co-workers 1, 5, 6) estimated that low-Z materials are more efficient than massive shields in attenuating GCR. In fact, thin shields of high-Z materials, such as Pb, can substantially increase the dose equivalent or the frequency of neoplastic cell transformation caused by GCR exposure. In addition, their calculations show that the biological effect depends on the biophysical model used for calculations, and on the biological endpoint.
Unfortunately, very few biological experiments are available to validate these models. Some experiments were performed at Berkeley 7) , and scattered data are available for cataractogenesis 8) and chromosome aberrations 9) . For these very reasons, a large international collaboration (involving Italian, US, and Japanese groups) is now measuring different biological endpoints in human cells exposed to heavy ions with or without shielding of different materials 10, 11) . In this paper, we measured the induction of chromosomal aberrations in human peripheral blood lymphocytes exposed to accelerated iron ions with shields in PMMA or aluminum. Chromosomal aberrations are considered a reliable biomarker of radiation-induced stochastic effects [12] [13] [14] . Not surprisingly, the National Academy of Sciences 15) has identified as an important research issue to be urgently addressed the measurement of cell killing and chromosomal aberrations as a function of thickness and composition of the shielding.
MATERIALS AND METHODS

Irradiation
Blood was drawn in a Vacutainer CPT (Beckton-Dickinson, Lincoln Park, USA) from a male 40-years old volunteer. Blood cells were centrifuged 30 min at 3000 rpm, washed twice in PBS, resuspended in RPMI-1640 medium (Gibco-BRL, Grand Island, NY) supplemented with 20% serum, and finally loaded by a syringe into specially constructed 1 ml PMMA (lucite) holders. Both the loading chamber and the holder wall exposed to the beam were 1 mm thick. Cells were exposed in air at room temperature. Doses measured at the sample position by ionization chambers ranged from 0.1 Gy to 1 Gy. The shield material was attached to the blood holder wall exposed to the beam, so that secondary fragments emitted at large angles in the laboratory are hitting the biological target. Physical characteristics of the iron beams used at the HIMAC in the experiments described here are given in Table 1 . The energy in vacuum is different from the energy of the beam at the sample position, because of the detectors used on the line to monitor the beam, exit windows and air. The fluence of heavy particles incident on the shield was measured by CR-39 plastic nuclear track detectors attached to the shield and facing the beam. The irradiated plastics were etched in 7N NaOH for 1-11 h. Results of fluence measurements by nuclear track detectors were consistent with the data of the monitor ionization chambers. CR-39 were also used to obtain the fraction of primary ions in the beam at the sample position. Track-diameter distribution were measured for CR39 plastics exposed at the sample position, as shown in Fig. 1 . The ratio primary/secondary ions is evaluated from data in Fig. 1 as the ratio k between counts in the peak and at sizes smaller than the peak. The small peaks correspond to ions with 3<Z<26. Indeed, under our experimental conditions ions with Z≤3 cannot be detected. The fraction S of surviving Fe-ions at the sample position is finally evaluated as S=kF b/Fa, where Fa is the fluence of particle on the shield (primaries only) and Fb the fluence at the sample position (all ions). 
Chromosome aberration analysis
To avoid the cell-cycle selection in the harvested cell population produced by the exposure to high-LET radiation, we elected to use the novel technique of premature chromosome condensation with phosphatase inhibitors (calyculin A) to visualize the chromosomes in different stages of the cellcycle [16] [17] [18] . Immediately after exposure, cells were transferred in tissue culture flasks in RPMI-1640 medium supplemented with 20% serum and 2% phytohaemmaglutinin. Flasks were incubated in vertical position for 48 h at 37°C. Calyculin A (Wako chemicals, Japan) at a final concentration of 50 nM was then added for 1 h, and cells containing prematurely condensed chromosomes in G1, S, G2, and Mphase were harvested as previously described 19) . Slides were hybridized in situ with whole-chromosome DNA probes (Vysis, Downers Grove, IL) specific for human chromosomes 1, 2, and 4, and visualized at an epi-fluorescent microscope. All kinds of chromosomal aberrations (dicentrics, translocations, complex-type exchanges, rings, acentric fragments) were scored separately in samples ranging from 150 to 3000 cells (mostly G2-and M-phases) per dose. However, in the figures we plot the yield of total exchanges in the painted genome, i.e. the sum of simple and complex interchanges (both complete and incomplete) involving chromosomes 1, 2, and 4. The total yield of aberrations has a better statistics than individual aberration yields.
RESULTS AND DISCUSSION
The total yield of chromosomal exchanges in chromosomes 1, 2, and 4 is plotted in Fig. 2 as a function of the dose at the sample position or vs. the fluence of iron ions incident on the shield. In Fig. 2a , the yield of aberrations induced by the 500 MeV/n and 200 MeV/n unshielded iron beams is compared to X-rays and to the 500 MeV/n beam after 30 mm Al shield in the same dose-range (0.1-1 Gy). All particle beams are more efficient per unit dose than Xrays. The Al shield slightly reduces the effectiveness of the 500 MeV/n beam per gray. Although the shielded beam has the same residual range as the 200 MeV/n Fe beam (Table  1) , it is clearly more effective per unit dose than the unshielded low-energy beam. From CR-39 measurements, we found that only 46% of the primary Fe ions hitting the shield are actually found at the sample position. When the Al shield was added in front of the sample, the dose-rate at the sample position had about a 70% increase. The doseaverage LET (including secondary particles) after the Al shield was indeed increased from 200 keV/µm (unshielded beam) to around 400 keV/µm. The dose per primary Fe ion incident on the shield is then increased behind the Al block. As a result, the efficiency per incident particle is the highest for the 500 MeV/n beam shielded in Al (Fig. 2b) . It is also observed that the efficiency per particle of the unshielded 500 MeV/n and 200 MeV/n is similar, showing that the action cross-section for the induction of chromosome aberrations is saturated at these high LET values.
The effect of different thickness of PMMA (lucite) on the effectiveness of the 500 MeV/n iron beam is shown in Fig.  3 . Fluence-response curves (such as those in Fig. 2b ) appeared to be linear in the measured dose-range, and were fitted by the function: Y=σF, where Y is the frequency of exchanges in the painted genome (chromosomes 1, 2, and 4) per lymphocyte, F is the fluence (in particles/µm 2 ) of iron ions hitting the lucite shield (from 0 to 56 mm thick), and σ is the action cross-section for the induction of exchangetype aberrations. The action cross section represents the product of the cross-sectional area of the sensitive target and the probability of aberration induction per ion hit on the shielding. Clearly, the cross-section increases by increasing the shield thickness in this range. The increase appears to be caused by the same physical process described for the Al shield, i.e. the increased dose-rate induced by the shield. The results clearly show that shielding can increase the effectiveness of heavy ions, as predicted by Wilson and coworkers 1, 5, 6) for the GCR. The increase in biological effectiveness appears to reflect the increase in dose-rate behind the shield. More experiments on chromosomal aberrations are under way both at the HIMAC and at the AGS of the Brookhaven National Laboratory. Hopefully, a substantially amount of biological data will be soon available to benchmark the computer codes and biophysical models used to evaluate the shielding in space. Table 1 . 
